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ABSTRACT

Amantadine, rimantadine, and ribavirin given orally, either

prophylactically or therapeutically, reduced mortality ~1td increased the

survival time of mice infected with the type A/New Jersey (swine) strain

Of influenza virus. In addition, amantadine and rimantadine therapy

increased the rate of virus clearance from lungs of infected mice.

Mantadine treatment initiated either before or after virus challenge

ameliorated the illness in squirrel monkeys; when therapeutically—administered

it stopped virus shedding from infected monkeys within hours.
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The outbreak of influenza in early 1976, caused by a virus

serologically related to the “swine” virus implicated in the 1918—19

pandemic, stimulated an accelerated national vaccination program (10).

As par t of this progr~am our labora tory evaluated several cand ida te

vaccines on the basis of protective efficacy in laboratory animal models

and evaluated chemoprophylactic and chemotherapeutic drugs in animal

models. The results of studies to evaluate the vaccines will be reported

separately.

Amantad ine, rimantadine and ribavirin have demonstrated activity

against disease caused by several strains of type A influenza virus

(6, 8, 9, 12). This paper reports results of studies on the efficacy of

these 3 drugs given by the oral route for the prevention and/or treatment

of type A/New Jersey (swine) influenza virus infections in mice. Amantadine,

which is the only one of these drugs currently approved f o r  use in humans ,

was also evaluated in a squirrel monkey model for influenza virus infection (4).

~
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MATERIALS AND METHODS

Mice. Outbred, female Swiss mice (Crl:COBS CD1(ICR]BR) were obtained

from the “Sendai—free” colony of Charles River Laboratories. Two ages of

mice were used in separate experiments: weanuings (21 days old) and adults

(6 to 8 weeks old). Mice were randomly selected and housed 20 to a cage

in biological containment cabinets operated under negative pressure.

Lighting in the cabinets was controlled to give 12 Ii of light and 12 h of

darkness each day. Commercial mouse pellets and water were provided ad

libitum.

Monkeys. Male squirrel monkeys (Saimiri sciurius), weighing 0.5 to 0.9

kg were used. Housing and feeding arrangements have been described (4).

Virus. Influenza virus, strain A/NJ/8/76 (Hswl Ni), with a history of

6 passages in embryonated eggs was adapted to mice in 9 serial passages.

Mice were infected by intranasal (i.n.) instillation of superuatant fluid

obtained by centrifuge tion of a suspension of homogenized lungs removed from

mice inf ec ted 3 to 4 day s previously. After the ninth passage, allantoic

cavities of 10-day—old embryonated chicken eggs were inoculated with

supernatant fluid from infected lungs. After incubation for 48 h at 35 C,

Infected allantoic fluid was harvested and clarified by centrifugation.at

1200 x a for 15 mlxi at 4 C. Antibiotics were added to the clarified fluid

to achieve a final concentration of 250 units penicillin/mi and 100 iig

streptomycin/inl; aliquots of the suspension were stored at —60 C. Titrations

in embryona ted chicken eggs indicated that the inf ec ted allan toic f l uid
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contained 10~~~ egg median infectious doses (E1D50) of virus per milliliter.

Drugs used and treatment ‘schedule. Amantadine hydrochlor ide and

its structural analogue, rimantad ine hydrochloride, were obtained f rom

B. I. duPont de Nemours and Co., Inc., Newark, N.J. Ribavirin was

obtained from the Nucleic Acid Research InstItute of ICN Pharmaceuticals,

Inc., Irvine, Cal. For tests in mice the drugs were dissolved in sterile,

triple—distilled water at a concentration of 0.25 mg/nil and provided to

group s of mice in dr inking water at selected times beginning as early as

48 h before or as late as 96 h after challenge with infectious virus.

Treatment was discontinued 14 days postinfection in all studies. Based on

prel iminary experiments, daily consumption of water was estimated at 6 ml

per mouse. On this basis, each mouse ingested 60 nig of drug/kg body vt/day.

Amantadine was administered to monkeys by means of a nasogastric tube

connected to a syringe and passed through a steel speculum inserted between

the monkey’s teeth and into the esophagus. Two doses of amantadine were

tested; 7.5 mg/kg/day and 15.0 mg/kg/day. One—half milliliter containing

one—half of the prescribed dose was given in the morning and the balance

in the afternoon. Infected control monkeys were given the same volume of

- - sterile water. Treatment, which was continued f o r  a total of 7 days in each

study, was initiated either 24 h prior to virus challenge or 48 h after

challenge, a time when clinical illness was apparent.

Virus challenge. Lightly anesthetized mice were given io6° EID~~ of

virus in 0.05 ml by the i.n. route. Monkeys were challenged with ~~~ E1D50

( — --——. — .— .—  -
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of virus by the intratracheal (i.t.) route as previously described (4).

-Sampling and assay proceciures. At selected intervals after infection,

lungs removed from mice were scored for gross lesions, weighed , and assayed

for virus by established procedures (11). Virus was isolated from monkeys

by swabbing the oropharynx. The swabs were washed in 10 ml of heart

infusion broth (RIB) containing 50 iig/mi. of gentamicin, 100 units/mi of

penicillin and 100 pg/mi. of streptomycin; these samples were assayed for

virus by established procedures (11).

Clinical determinations and illness scoring. Beginning at least 2

days prior to infection the rectal temperature, hematocr it, total and

differential ].eukocyte counts, respiratory rate, pharyngeal virus isolation,

f ood consump tion, body weight, nasal discharge , coughing and sneezing,

labored breathing, and activity for monkeys were recorded daily. To

facilitate analysis of treatment effects, the system devised by Berendt

and Hall (2) was employed to score the response of monkeys over the first

7 days of infection. With this system, a critically ill monkey would score

approximately 77 (assuming a 20% weight loss and maximum values for the

other parameters); sham—inoculated control monkeys scored <5.0. 
-
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RESULTS

Experiments in mice. Preliminary experiments revealed marked

differences in survival between untreated veanuing and adult mice

following infection with the New Jersey strain of influenza virus.

Intranasal doses of iø3 8  E1D50 routinely killed one—half of the

21—day—old mice with a mean time to death of <6 days. In contrast, the

for 6— to 8—week—old mice was ,io5 8  E1D50 of virus. Virus titers

in the lungs of both weanling and adult mice exceeded 1O7 E1D50 at 3

days; thereafter, lung virus concentra tions gradually declined to

undetectable levels by 9 to 11 days postinoculation. Extensive pulmonary

consolidation and a significant increase in lung weight was observed by

6 days postchallenge.

Lung virus titers, lung lesion scores and lung weights of adult mice

infected with type A/NJ/influenza virus and given each of the drugs are

summarized in Table 1. Virus replicated rapidly in the lungs of untrea ted

mice, and the lungs of these mice weighed almost 3 times as much as those

from noninfected mice. Approximately 40% of each infected lung had

plum—colored lesions typical of influenza by the seventh day. Despite

extensive pathologic changes, however, 90 to 100% of the inf ec ted adul t

mice survived.

None of the drugs altered tissue virus levels measured 3 days

postinfection. By 7 days, however, virus titers were signif icantly lover

in mice treated therapeutically with ribavirin. The development of lung

pathology, as ref lec ted by lung weight, was less extensive when rimantadine

L

~
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~~s gften prophylactically and when ribavirin was given therapeutically.

Prophylactic administration of amantadine and rimantadine resulted in

fewer lung lesions than were observed in untreated mice.

In contrast to adult mice, type A/NJ influenza infections in

untreated weanling mice were uniformly lethal with a mean time to death

of 5.8 days (Table 2). Amantadine, rimantadine , and r ibavirin used

prophylactically delayed the time to death and significantly increased

survival to 80 to 90%. None of the drugs studied significantly affec ted

virus titers at 3 days in the lungs of infected mice. However, compared

to untreated mice, treatment with either amantadine or riniantadine

significantly reduced lung virus titers at 7 days after virus challenge,

suggesting that both dr ugs increased the ra te of vfrus clearance from the

respiratory tract.

Fig. 1 depicts the survival of infected mice as a function of time

when drug treatment was initiated relative to virus challenge. These

survival data clearly indicate that while early treatment was desirable,

and survival ra tes declined as trea tment was delayed , each of the drugs

effectively reduced mortality rates even when treatment was delayed for as

long as 4 days.

Experiments in monkeys. Preliminary experiments suggested that the

activity of rimantadine on swine influenza differed little from that of

amantadine. For this reason, and because amantadine is approved for use in

humans by the Food and Drug Administration (FDA), we concentrated on the

latter drug for primate studies.

_ _  

-

-- ~~ ~~~~~~~~~~~~~~~~ ~~~~~ ~ 
_______ - ~, * T _~ - i Z .  ~~~~~~~ *.
— ~~~~~~~~~~~~~~ —--  — ~~-~~~~-—‘----~ - - - - -~~~— -~ — ..-—--- .-~~



F 
- 

- _ _ _ _ _  

9

Following i.t. instillation of ~~~ E1D50 of virus, monkeys became

febrile within 24 h; fever then slowly subsided. Most other changes

in clinical parameters reached a maximum in 2 to 5 days, and then slowly

returned to prechallenge values. Although there was considerable

variation in the duration of convalescence, all clinical values approached

normal by day 10. Illness scores for these infected, untreated monkeys

averaged 45.9 in contrast to scores of <5 for uninfected monkeys.

Illness scores for infected monkeys treated with either 7.5 or 15.0

mg/kg/day of amantadine beginning either 24 h before or 48 h af ter virus

challenge are shown in Table 3. The scores of treated monkeys were

significantly lower than those of untreated monkeys, indicating that

amantadine was effective both prophylactically and therapeutically. No

clear cut effect of dose was observed.

In an effort to determine the predominating drug effect, we subtrac ted

the contribution made by virus shedding from the illness scores (Table 4).

Virus shedding was considered to be indicative of infection; the other

parameters were signs of illness. After this adjustment the average scores

for all groups of treated monkeys were still lover than those calculated

for controls, indicating that a major effect of the drug was a red uction

in the severity of illness. Data on the effect of drug treatment on tLe

duration of virus shedding are also summarized in Table 4. Prophylactically

administered drug did not significantly alter the duration of virus shedding.

Surprisingly, however, when treatment was initiated 48 h after virus

challeng e, the period of virus shedding was shortened significantly. Analysis

I
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~ - - - 
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of the other parameters that constitute the illness score revealed a

lessening in all after prophylaxis or therapy rather than an effect on

any particular one.
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DISCUSSION

Amantadine, r imantadine and ribavirin given orally either

prophylactically or therapeutically reduced mortality and increased

the mean time to death of mice infected wit’h A/NJ (swine) influenza

virus. None of these drugs prevented infection, but axnantadine and

rimantadine therapy increased the rate of virus clearance from the lungs

of young infected mice. In the present study, virus clearance in young

mice was not significantly affected by oral ribavirin treatment. In

contrast, previous reports (14) have attributed considerable antiviral

activity to ribavirin administered as small—aerosol particles directly

to the respiratory tract of infected animals. The reason for this

discrepancy is not known, but may be due to the diff erence in drug level

in the lungs after treatment by 2 different routes.

As previously reported (2) , the New Jersey strain of influenza virus

caused a milder illness in mice and squirrel monkeys than that observed

in our laboratory after infection with an IL3N2 serotype virus (11); the

observation of mild illness in experimental animals is consistent with

- - the report of Beare and Craig following the i.n. inoculation of humans (1).

Amantadine treatment initiated either before or after virus challenge

ameliorated the illness, and therapeutically administered amantadine

apparently stopped virus shedding from infected monkeys within hours after

treatment was started. Successful amantadine therapy for A/NJ virus

infections in both mice and -monkeys contrasts with the reports of other

- - -.,r- . - . a - — . — ., - - .  - -
. 
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workers that therapeutically administered amantadine has only a minima!

effect on the shedding of other strains of influenza virus (5). This

observation suggests that the NJ strain may be more sensitive to

amantadine than other type A viruses, espec~ially during stages of the

infection when the virus is replicating rapidly. The increased survival

seen in groups of mice in which treatment was not initiated until 96 h,

and the dramatic cessation of virus shedding from infected monkeys when

treatment was initiated at 48 h after virus challenge, suggest that

amantadine need not be limited to a prophylactic role in influenza. The

fact that amantadine—treated monkeys did not shed virus deserves special

attention. Any reduction in virus dissemination from infected individuals

could, of course, curtail epidemic spread of the virus.

Clearly, the therapeutic efficacy of amantadine cannot be explained

wholly on the basis of antiviral activity. In our animal models peak virus

titers in the lung were often achieved before treatment was started. It is

possible that the host s response to the drug played an important role in

ameliorating the illness. This is consistent with findings by Little et al.

- - (7) who observed that amantadine treatment increased the rate of recovery

from disease in small airways and improved lung function in individuals

suffering from naturally acquired influenza infections. Our animals

apparently benef ited not only from this response, but fr om a degree of

antiviral activity of the drug as well. Although none of the drugs prevented

infection, amantadine reduced the severity of illness in monkeys, and all
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3 drugs significantly increased survival of mice even when treatment

was initiated after the onset of bronchopneumonia. The beneficial effect

of treatment, obtained in 2 widely differing animal models, gives strong

support to the hypothesis.that these drugs might also be effective in

treating influenza infections in humans.

Although vaccination continues to be the most widely used prophylaxis

against influenza, Immunological prevention and control of the disease is

not wholly adequate. Because of the capacity of influenza virus to

undergo mutations which circumvent specific immunity established through

vaccination with previously prevalent strains, vaccines are usually only

partially protective. Despite the partial efficacy of existing vaccines,

a need for effective therapeutic measures remains. This study supports the

I -

- 

mounting evidence that amantadine, rimantadine ribavirin used alone or

in conjunction with vaccine prophylaxis might offer better management of

influenza than can be expected through vaccination procedures alone.

i i



- -~~~~~--~~~---—

14

AcgN0WLEDGE~1ENTS

We wish to thank Dr. F. Ennis, Bureau of Biologics, for providing

seed stocks of the New Jersey strain of virus; and Dr. Walter Dowdle,

Communicable Disease Center, who provided ~pecific serologic reagents for

confirming the antigenic identity of the New Jersey strain. 

— - :-‘. — 
- 

- a- - - , .  - - -~ - --i 
- 

-c c  -:. - -‘ — --— -,

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

.. -



r ~~~~~~

—

~~

—-
~~

-

~~

—— ———-------c— 

LITERATURE CITED

1. B~are, A. S., and J~ V. Craig. 1976. Virulence for man of a

hua~n influenza—A virus antigenically similar to “classical”

swine viruses. Lancet 2:4—5.

2. Berendt , R. F. , and W. C. Hall. 1977. Reactions of squirrel

monkeys to intratracheal inoculati9n with influenza/A/New

Jersey/76 (swine) virus. Infect. linmun. 15:476—479.

3. Berendt, R. F. 1974. Simian model for the evaluation of immunity

to influenza. Infect. Immun. 9:101—105.

4. Berendt, R. F., G. C. Long, and 3. S. Walker. 1975. Influenza

alone and in sequence with pneumonia due to Streptococcus

pneumouiae in the squirrel monkey. J. Infect. Dis. 132:689—693.

5. Couch, R. B., and G. G. Jackson. 1976. Antiviral agents in

I - influenza——summary of influenza workshop V1:II. .1. Infect. Dis.

134:516—527.

6. Grunert, R. R.,~ J. V. McCahen, and- W. L. Davies. 1965. The

in vivo antiviral activity of l—adamantanamine (amantadine).

I. Prophylactic and therapeutic activity against influenza

viruses. Virology 26:262—269.

7. Little, J. V.., W. .J. Hall, IL C. Douglas, Jr., R. V. Hyde, and

D. M. Speers. 1976. Amantadine effect on peripheral airways

abnormalities in influenza. A study in 15 students with

natural influenza A infection. Ann. Intern. Med. 85:177—182.

8. McCahen, J. V., E. H. Neum~yer, R. R. Grunert, and C. E. Hoffmann.

1970. Influenza infection of mice. II. Curative activity of

~—methy1—1—adamantanemethylamine NC1 (rirnantadine HC1). Ann.

N. 1. Acad. Sd . 173;557—567. -

— — - —-— - - -  . .- *  I i

- -- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -- 
- 

.. .



- - - -

~~~~~~~~~~~~~~~

9. McGahen, J. W., and C. E. Hoffmann. 1968. Influenza infections

of mice. I. Curative activity of amantadine HC1. Proc. Soc.

Exp. Biol. Med. l29:678—68l.

10. Parkman, P. D., G. J. Galasso, F. H. Top, Jr., and C. R. Noble.

1976. Summary of clinical trials of influenza vaccines. 3.

Infect. DIs. 134:100—107.

1].. Scott, G. H., and R. 3. Sydiskis. 1976. Responses of mice immunized

with influenza virus by aerosol and parenteral routes. Infect.

Immun. 13:696—703.

12. Stephen, E. L., 3. V. Doiuinik, 3. B. Moe, and J. S. Walker. 1976.

Therapeutic effects of ribavirin given by the intraperitoneal

or aerosol route against influenza virus infections in mice.

Antimicrob. Agents Chemother. 10:549—554.

13. Stephen, E. L., 3. W. Dominik, 3. B. Moe, R 0. Spertzel and

3. S. Walker. 1975. Treatment of influenza infection of

mice by using rimantad ine hydrochiorides by the aerosol and

intraperltoneal routes. Antimicrob. Agents Chemother. 8:154—

158.

14. Walker, 3. S., E. L. Stephen, and R. 0. Spertzel. 1976. Small—

particle aerosols of antiviral compounds in treatment of

type A Influenza pneumonia in mice. 3. Infect. Dis. l33:(Suppl.)

A140—A144.

H 
_ 

_ _ _ _ _ _  J 3 ~~~~~~~~~~~rm--~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 

~~~~~~~~~~I

TABLE 1. Effect of drugs given orally to 8—week—old mice infected with

type A/NJ influenza virus.

Lung virus titer
5 Mean lung

(1og~~ E1D50/ lesio% Mean lung
infected lung) scores weights, m~

Group 3 days 7 days . 7 days 7 days

Noninfected

controls — — 0 142C

Prophylactic

Antantadine 7.7 5.8 0.9 310

Rlmantadine 7.3 5.2 0.6

Ribavirin 7.0 4.8 2.0 332

Therapeutic

Amantadine 6.8 4.2 1.2 324

S Rimantadine 6.8 5.0 - 
1.7 352

Ribavirin 7.1 3.6~ 1.0 
-

infected

controls 7.1 5.5 1.7 390

a Geometric mean .

b Scale of 0—4 from negative to total consolidation.

C P < 0.05 compared to infected controls . 
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TABLE 2. Effect of drugs given orally to 3—week—old mice (n—5) infected

with type A/NJ influenza virus.

Lung virus titer
a Mean lung

(log10 lesion Z Mean
EID~p/lung) score Survival day of

Group 3 days 7 days 7 days (n—30) death

Prophylactic

Amantadine 7.7 - 6.0 1.4 83 10.6

Rimantadine 7.5 5.8 1.0 93 10.5

Ribavirin 7.4 - 6.0 2.6 90 9.0

Therapeutic

Amantadine 7.2 6.1
1) 

1.0 63 7.4

Rimantadine 4.2~ 1.5 - 83 6.0
- 

- Ribavirin 6.6 5.2 2.8 43 
- 

5.3

infected

controls 7.4 5.8 3.0 0 5.8

~ Geometric mean .

b p < 0.05 compared to controls.
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TABLE 3. Effect of orally administered amantadine upon illness scores

of ~guirrel monkeys infected with type A/NJ influenza virus.

Dose
Treatment (n) (mg/kg/day) Illness score5

Water control 8 0 45.9 ± 2.9 —

Prophylactic 4 7.5 21.2 ± 4.9 <0.005

Prophylactic 4 - 15.0 23.4 ± 3.8 <0.005

Therapeutic

beginning at 4 7.5 24.9 ± 2.5 <0.005

48h -

Therapeutic

beginning at 4 15.0 18.2 ± 1.4 <0.005

48h

Mean ± standard error of the mean.
b Compared to water control.
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TABLE 4. Effect of amantadine treatment on duration of virus shedding

and adjusted illness scores
5 of s~~irre1 monkey~s infected with

- ~ype A/NJ influenza
4virus.

Dose 1) Adjusted b
Treatment (n) - (mg/kg/day) Days virus shedding illness score

Water control 8 0 5.75 ± 0.67 38.9 ± 3.2

Prophylactic 4 7.5 6.25 ± 0~75d 15.4 ± 3•7d

Prophylactic 4 15.0 4.50 ± 0•65d 16.4 ± 28d

Therapeutic

beginning at 4 7.5 2.75 ± O.85~ 20.9 ±

48 1)

Therapeutic

beginning at 4 15.0 2.0 ± 0
d 14.7 ± 13d

481)

~ Total illness score less virus shedding contribution.

Mean ± standard error of the mean.

C P < 0.025 compared to water control.

d c 0.005 compared to water control. 
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PIG. 1 Effect~ of 
initiation time on d~~g eff icacy for the

treatment of ty~~ A/NJ iniluenza 
infection in mice. 
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